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Abstract 

The minimal supersymmetric standard model (MSSM) of particle interactions is 
extended to include three singlet (right-handed) neutrino superfields together with 
three other singlet superfields. The resulting theory is assumed to be invariant under 
an anomalous global U(l) (Peccei-Quinn) symmetry with one fundamental mass m2- 
The soft breaking of supersymmetry at the TeV scale is shown to generate an axion 
scale fa of order m2- Neutrino masses are generated by fa according to the usual 
seesaw mechanism. 



The minimal supersymmetric standard model (MSSM) is a well-motivated extension of 
the standard model (SM) of particle interactions. Nevertheless, it is missing at least two im- 
portant ingredients. There is no neutrino mass and the strong CP problem |Q is unresolved. 
Whereas separate remedies exist for both shortcomings, they are in general unrelated 0. In 
the following, I start with a supersymmetric theory of just one large fundamental mass {1712). 
I assume it to be invariant under an anomalous global U(l) symmetry which is an extension 
of the well-known Peccei-Quinn symmetry to include three singlet (right-handed) neu- 
trino superfields (iV^) and three other singlet superfields (S). The supersymmetry is then 
softly broken at Msusy of order 1 TeV. As a result of the assumed particle content of the 
theory, an axion scale fa of order 1712 is generated, from which neutrinos obtain masses via 
the usual seesaw mechanism with uin ~ /„. 

Consider first the MSSM superpotential: 

W = fiHuHd + KHuQu' + h^HdQd' + KHM". (1) 

Under f/(l)pQ, the quark (Q, u^, df^) and lepton (L, e^) superfields have charges +1/2, whereas 
the Higgs {Hu, H^) superfields have charges —1. Hence the term is forbidden. It is replaced 
here by h2S2HuHd, where 5*2 is a singlet superfield with PQ charge +2. 

Add three singlet superfields with PQ charges +1/2. The term hjyHuLN'^ is then 
allowed, but the usual Majorana mass term m^N'^N^ is forbidden. Instead, it is replaced 
by hiSiN'^N'^, where §1 has PQ charge —1. 

So far there is no mass scale in the superpotential of this theory. It is thus natural to 
introduce a third singlet superfield Sq with PQ charge —2 so that the complete superpotential 
of this theory is given by 

W = 7712828^ + fSAS2 + hiS^N'N' + h2S2HuHd 

+ hNHuLN' + huHuQu' + hdHdQd' + KHdLe''. (2) 
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The mass m2 is a large fundamental scale which will be shown to coincide with the axion 
scale, even though supersymmetry is only broken at the TeV scale. The term S1S1S2 is 
automatically present and will be the key to understanding how fa is generated from Msusy- 
Consider next the spontaneous breaking of U{1)pq by the vacuum expectation values f2,i,o 
of 'S'2,1,0 respectively. The fi term of the MSSM is then given by h2V2 and the Majorana mass 
of the neutrino singlet is 2hiVi. Hence Vi should be many orders of magnitude greater than 
f2. With rriN = ^hiVi, the usual seesaw relationship 

= ^ (3) 
niN 

is also obtained. Now the axion scale fa is of order vi as well, thus m^v ~ fa- Whereas 
this relationship was also proposed previously 0, the hierarchy problem of f 2 << vi was 
not addressed. If a sterile neutrino superfield Og is desirable, it may be assigned PQ charge 
—5/2. The term hsS2C'sN'^ is then allowed in Eq. (2), resulting in a seesaw mass for given 
by hlvl/mM- 

The strong CP problem is the problem of having the instanton-induced term 

^2 

= dQCD^^^/iuapG'^'^G^ (4) 

in the effective Lagrangian of quantum chromodynamics (QCD), where Qs is the strong 
coupling constant, and 

Gr = o^g: - d^G>: + gsfa,cG^,G: (s) 

is the gluonic field strength. If 9qcd is of order unity, the neutron electric dipole moment 
is expected to be 10^° times its present experimental upper limit (0.63 x 10^^^ e cm) 
0]. This conundrum is most elegantly resolved by invoking a dynamical mechanism to 
relax the above 9qcd parameter (including all contributions from colored fermions) to zero. 
However, this necessarily results in a very light pseudoscalar particle called the axion, 
which has not yet been observed [|^. 
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To reconcile the nonobservation of an axion in present experiments and the constraint 
10^ GeV < fa < 10^^ GeV from astrophysics and cosmology three types of "invisible" 
axions have been discussed. The DFSZ solution introduces a heavy singlet scalar field as 
the source of the axion but its mixing with the doublet scalar fields (which couple to the usual 
quarks) is very much suppressed. The KSVZ solution |10] also has a heavy singlet scalar field 



but it couples only to new heavy colored fermions. The gluino solution ||lT| identifies the 
U{l)ii of superfield transformations with U{1)pq and thus the axion is a dynamical phase 
attached to the gluino as well as all other superparticles. The present model is of the DFSZ 



type, but the use of 3 fundamental superfields is motivated by Refs.|12, 13|. 

Before discussing the spontaneous breaking of U{1)pq in the context of soft supersym- 
metry breaking, consider W of Eq. (2) in terms of baryon number and lepton number. It 
is clear that the former is conserved as a global symmetry {Q has B = 1/3, u'^ and d'^ have 
B = —1/3, all others have B = 0), whereas the latter is conserved only as a discrete sym- 
metry (I/, e^, and A^'^ are odd, all others are even). Thus the usual R parity of the MSSM 
is also conserved. The three A^^ superfields are well-motivated because they allow small 



seesaw neutrino masses for neutrino oscillations [|T4[ [T^, |T6| . The Peccei-Quinn symmetry is 



well-motivated as the most attractive solution of the strong CP problem. Hence 5*1 and 5*2 
are both well-motivated. Finally, 5*0 is well-motivated because W should have a large fun- 
damental mass scale. Given all these well-motivated inputs, Eq. (2) is uniquely determined 



and the two crucial extra terms m2S2So and fSiSiS2 are automatically present ||T7 |. 
Consider the scalar potential of 5*2, i,o, i-e. 

V = \m2S0 + /^lY + ml\S2\^ + Af\Si\^\S2\^. (6) 

There are two supersymmetric minima: the trivial one with Vq = Vi = V2 = 0, and the much 
more interesting one with 

V2 = 0, m2Vo + fvf = 0, (7) 



where f2,i,o = ('S'2,i,o)- The latter breaks U{1)pq spontaneously and the superpotential of 
5'2,i,o becomes 

W' = "^{v.So - 2voS,)S2 + fS,S,S2, (8) 

after shifting by f2,i,o- This shows clearly that the linear combination 

viSi + 2fo5'o 

is a massless superfield. Hence the axion is not even contained in 5*2, and its effective coupling 
through §2 will be suppressed by Msusr/vifi as desired. 

At this point, the individual values of vi and vq are not determined. This is because the 
vacuum is invaraint not only under a phase rotation but also under a scale transformation 
as a result of the unbroken supersymmetry As such, it is unstable and the soft breaking 
of supersymmetry at the TeV scale will determine vi and vo, and V2 will become nonzero. 
Specifically, the supersymmetry of this theory is assumed broken by all possible holomorphic 
soft terms which are invariant under U{1)pq. In particular, all the usual MSSM soft terms 
are present except for the fiBHuHd term. However, there is the h2A2S2HuHd term as well 
as the |m2S'o + fSiSi + h2HuHd\^ term, hence "/i-B" = h2[A2V2 + (?Ti2fo + fvf)]- Recall that 
the /i parameter of the MSSM is replaced here by /i2f2- Hence V2 should be of order Msusy 
and m2fo + fvl of order Mgjjgy, and that is exactly what will be shown in the following. 

Add now the other holomorphic soft terms of the scalar potential: 

Vsoft = l^o\So\'^ + fill Si\'^ + fill 82]'^ 

+ [fJ'2Qm2S2So + fii2SlS2 + h.c], (10) 

where all new parameters are assumed of order Msusy ~ 1 TeV. Consider the minimum of 
the scalar potential of 5*2,1,0 with the addition of Vsoft, i-e. 

Vmin = {ml + nDvl + njvl + (ml + /i^)f^ + 2/i2om2f 2fo 



+ 2m2fvfvo + 2fXi2vlv2 + ^fvy^ + fvt (H) 
where every quantity has been assumed real for simphcity. The conditions on ^2,1,0 are 

{ml + + 4:f'^vl)v2 + iJ,2om2Vo + l^uvf = 0, (12) 
fim2Vo + fvf) + ^fil + fii2V2 + 2fvl = 0, (13) 

m2{m2Vo + fvf) + IJ^lvo + //20"^2t'2 = 0. (14) 

Together they show that Eq. (7) is modified to read 

V2 ~ MsuSY, m2Vo + fvf ~ MgjjsY- (15) 

However, vq and Vi are individually of order 1712- This can be shown by integrating out the 
heavy fields ^'2,0 and ^'2,0 in the limit where is massless. The effective scalar potential for 
5"! is necessarily of the form 

Veff^a\Sif + b\Si\\ (16) 



At tree level, a — /if, and 



^2 I ,,2 ™2 I ,,2 — ™2 ' ) 



where the mixing parameter 1120 has been neglected. Hence 



9 —a — u?m9 



' 2b -2{pyi-^,i2y ' ' 

Since all soft supersymmetry breaking parameters are of order Msusy, this shows that Vi is 
of order m2 and so is Vq. The parameters a and b have logarithmically divergent corrections 
in one loop, but they are proportional to Mg^gy and Mlj^^y/ml respectively, hence they do 
not spoil the tree- level result of Eq. (18). [This would not be the case if the nonholomorphic 
soft term SfS^ were added.] 

To understand why vi » Msusy is possible, consider the superfield of Eq. (9). The 

phase of the corresponding scalar field is the axion, but the magnitude is a physical scalar 



particle of mass ~ Msusy-, and the associated Majorana fermion (axino) also has a mass 
~ Msusy- Hence f i 7^ does not necessarily imply that supersymmetry is broken at that 
scale. For example, the superfield A^^ has the large mass 2hiVi, and Msusy accounts only 
for the relative small splitting between its scalar and fermion components. 

As the electroweak SU (2)^ x U gauge symmetry is broken by the vacuum expectation 
values Vu,d of Hu d, the observed doublet neutrinos acquire naturally small Majorana masses 
given by mj, = /i^t>^/(2/t>i) via the usual seesaw mechanism. Since Hu,d have PQ charges 
as well, the axion field is now given by 

V161 + 2vo0o - 2V2O2 + VuOu + VdOd 



V 



(19) 



where V = yvf + Avq + Av^ + "^^u + "^rf, and 6i are the various properly normalized angular 
fields, from the decomposition of a complex scalar field = {l/\/2){y + p) ex'p{i9/v) with 
the kinetic energy term 

The axionic coupling to quarks is thus 

" ^ ' u q=u,d 

as in the DFSZ model. 

Consider now all the physical particles of this theory. (1) There is a heavy Dirac fermion 



of mass m2\Jl + 4fg/ff, formed out of 5^2 and a linear combination of 5*0 and Si. The two 
associated scalars also have the same mass but with vacuum expectation values of order 
Msusy- (2) There are three heavy A^^ superfields with mass of order {Si) = f 1 ~ m2- 
They provide seesaw masses for the neutrinos and generate a primordial lepton asymmetry 
through their decays |T^. This gets converted into the present observed baryon asymmetry 
of the Universe through the B + L violating electroweak sphalerons (3) The particles 
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of the MSSM and their interactions are all present, but with the /i parameter given by 
/i2f2 ~ MsusY and the fiB parameter by h2[A2V2 + {rn2Vo + fvf)] ~ Mj^^y, thus solving the 
fi problem (i.e. why fi ~ Msusy and not 1712) without causing a problem. (4) Whereas 
the spontaneous breaking of f/(l)pQ generates an axion at the scale \^ ~ m2, thus solving the 
strong CP problem, the physical scalar field (saxion) with this dynamical phase has a mass 
~ Msusy- If is effectively unobservable [0 because its couplings to all MSSM particles are 
suppressed by at least V2,u,dlV . (5) An axino of mass ~ Msusy also exists. Since R parity 
is conserved and the axino has R = —1, it may be the stable LSP (lightest supersymmetric 



particle) of this theory and be experimentally observed. [21 

The 7x7 mass matrix spanning the R = —1 neutral fermions of this theory in the basis 
{B, Ws, Hi Hi S2, So, S^) is given by 



M 



mi 





— sm3 


sm^ 














rh2 


cm3 


—cm 4^ 













cms 





h2V2 


h2Vd 










—cm^ 


h2V2 





h2Vu 














h2Vd 


h2Vu 





m2 


2M 














m2 




















2fvi 





2fV2 



(22) 



where s = sinOw, c = cos9]y, m^ = M^cos/5, m^ = M^sin/?, with tan/? = Vu/vd- Without 
5*2, 1,0, the above is just the neutralino mass matrix of the MSSM and the LSP is a linear 
combination of the two gauginos and the two Higgsinos. In this theory, that combination 
has a small overlap with the axino of order Vu^/V. If kinematically allowed, it will decay 
into the axino and the Z boson or a neutral Higgs boson. 

In conclusion, a desirable extension of the MSSM has been presented which has only 
two input scales, i.e. the large fundamental scale m2 and the soft supersymmetry breaking 
scale Msusy- Assuming the validity of U{1)pq and its implementation in terms of Eqs. (2) 
and (10), an axion scale ~ m2 is generated, which solves the strong CP problem and makes 



neutrinos massive via the usual seesaw mechanism, without breaking the supersymmetry at 
1712- The baryon asymmetry of the Universe is accommodated as weU as the existence of 
dark matter. The /i problem of the MSSM is solved without causing a /iB problem. The 
other particles associated with the axion (saxion and axino) have masses of order Msusy, 
with the axino as a candidate for the true lightest supersymmetric particle. 

I thank G. Senjanovic and F. Zwirner for very helpful discussions. This work was sup- 
ported in part by the U. S. Department of Energy under Grant No. DE-FG03-94ER40837. 
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